Introduction {#S1}
============

Transmission of a mosquito-borne virus to a vertebrate host requires mosquito ingestion of a viremic blood meal, subsequent infection of the mosquito's midgut cells, spread to tissues within the hemocoel, and finally infection of the salivary glands. Following completion of this "extrinsic incubation period," virions must be released into the saliva and injected into a new host during a subsequent blood meal. Previous investigations have described benign, non-pathological, and chronic viral infections resulting in continuous virus production throughout the lives of infected mosquitoes ([@B1]--[@B3]). However, pathological effects have also been observed both *in vivo* ([@B4]--[@B10]) and *in vitro* ([@B11]). Weaver et al. ([@B6]) reported pathological changes, including cell sloughing and tissue necrosis in *Culex tarsalis* that fed on viremic blood meals containing western equine encephalomyelitis virus (WEEV; Togaviridae, *Alphavirus*). Furthermore, it has been proposed that the effects exerted by viral infection in the mosquito can influence vectorial capacity ([@B12]).

The temporal dynamics of WEEV infection and associated variations in transmission have been described for four strains of *C. tarsalis* that differed in their susceptibility to WEEV ([@B13], [@B14]). Here, we describe varying tissue pathology associated with WEEV infection in these four strains and discuss the potential influence of these variations on vector competence.

Materials and Methods {#S2}
=====================

Mosquito rearing and infection {#S2-1}
------------------------------

Mosquito rearing and handling methods used in this study have been previously described ([@B13]). Briefly, larvae were reared at 22--24°C, with a 16 h light:8 h darkness photoperiod, and were fed ground alfalfa pellets and AquaMax^®^ (Purina Mills, LLC; St. Louis, MO, USA). Adults were maintained under a similar photoperiod at 26°C and were provided a 10% sucrose solution *ad libitum*.

Four strains of *C. tarsalis* were used in the current study: (a) WEEV resistant (WR), (b) high viremia producer (HVP), (c) Coachella Valley (COAV), and (d) Kern National Wildlife Refuge (KNWR). The WR and HVP strains were selected for refractoriness or high susceptibility, respectively, to infection with WEEV (the HVP strain was derived from the original WEEV susceptible --WS- strain) ([@B15], [@B16]) and have been maintained at the University of California Arbovirus Field Station since the mid 1980s. In preparation for this study, the HVP and WR strains were reselected for several generations by examining the susceptibility of single families ([@B13]). The COAV and KNWR strains were collected in California's Riverside and Kern counties, respectively, and had been maintained as unselected colonies for 2 years prior to this study.

For viral infections, we used the WEEV strain BFS1703, which was isolated from *C. tarsalis* collected in Kern County, California, in July 1953 ([@B17]) and has been widely used for evaluating the competence of *C. tarsalis* to transmit WEEV ([@B15], [@B18], [@B19]). Virus was passaged twice in suckling mice and once in Vero cell culture prior to the beginning of the study.

The method used to infect mosquitoes has been previously described ([@B13]). Briefly, three to five day-old mated females were starved for 18 h and then allowed to engorge on viremic blood via an artificial membrane feeder ([@B13], [@B20]). Blood solutions contained *ca*. 3 or 5 log~10~ plaque forming units (PFU) of WEEV per 0.1 ml of chicken blood containing 14.3 freeze dried USP units of sodium heparin per milliliter (Becton-Dickson, Franklin Lakes, NJ, USA). Hereafter, these viral doses will be designated as '3-log' and '5-log'. The 5-log dose was comparable to viremias produced by competent avian hosts that were able to infect most competent vectors, whereas the 3-log dose was similar to that produced by a less competent host, but still able to infect highly susceptible mosquito hosts such as the HVP strain. Doses below this were insufficient to infect most mosquitoes ([@B21]).

For uninfected controls, mosquitoes were allowed to feed on virus-free blood by the same method. Fully engorged females were transferred to an incubator maintained at 26°C and 18 h light:6 h darkness photoperiod, and provided with 10% sucrose solution that was changed daily.

Immunocytochemistry {#S2-2}
-------------------

For each strain, two uninfected controls and five individuals fed on each viral dose were collected at days 1, 2, 3, 4, 7, 14, and 21 post-infectious blood meal (DPI). These mosquitoes were immobilized on wet ice, killed and fixed by injection of 10% buffered formalin (pH 7.5), and stored in 100% ETOH until further processed. Subsequently, these specimens were dehydrated, cleared, and infiltrated with paraffin as previously described ([@B22], [@B23]), embedded in paraffin blocks, cut into 10 μm thick serial longitudinal sections using an American Optical^®^ 820 Spencer™ microtome (American Optical Co., New York, NY, USA), mounted on microscope slides, and stored at 4°C until used for immuno-staining.

Mounted sections were immuno-stained as previously described ([@B14]). Briefly, the avidin--biotin-peroxidase complex (ABC) technique was applied, using a 1/1,600 dilution of mouse anti-WEEV ascites fluid as the primary antibody, and the horse-anti-mouse Vectastain Elite^®^ ABC kit (Vector laboratories, Burlingame, CA, USA) for detection, following the manufacturer's protocols. Stained sections were examined for the presence of viral antigens -- as evidenced by the rusty-brown color generated by the ABC technique (Figure [1](#F1){ref-type="fig"}) ([@B22])-- as well as for the presence of any pathological changes, using a Nikon^®^ Optiphot™ compound microscope (Nikon Instruments Inc., Melville, NY, USA) equipped with a digital Spot RT™ camera (Diagnostic Instruments, Sterling Heights, MI, USA).

![**Vacuolation of midgut epithelium**. **(A)** Section of the posterior midgut of a specimen of the COAV strain, 3 days after ingesting a blood meal containing 5-log PFU of WEEV per 0.1 ml blood. Notice the extensive formation of vacuoles in the cytoplasm. Rusty-brown staining is indicative of a positive immunocytochemical reaction, denoting the presence of WEEV antigen in the tissue. **(B)** Comparable section of the posterior midgut in an uninfected control. FB, fat body; L, midgut lumen; ME, midgut epithelium; V, vacuole.](fpubh-02-00184-g001){#F1}

Data analysis {#S2-3}
-------------

Statistical analyses were performed using the SPSS^®^ software package version 13.0 for windows (SPSS Inc; Chicago, IL, USA). Chi-Square tests were used when comparing overall frequencies (i.e., time groups pooled together) between 3- and 5-log groups in each strain. If no significant differences (*P* \> 0.05) between the dose groups were found within a strain, dose groups were pooled for further analysis; otherwise, each dose group was analyzed separately.

Analyses of differences among strains were performed using Kruskal--Wallis (K--W) tests because frequency data were not normally distributed for at least one strain in each one of the parameters studied. If K--W tests indicated significant (*P* \< 0.05) differences among strains, *post hoc* analysis was performed by applying Chi-Square tests to all pair-wise combinations of strains. To maintain an overall alpha level of 0.05, a Bonferroni correction was applied to the *post hoc* testing.

Results {#S3}
=======

Pathological changes in infected individuals were consistently observed in the midgut epithelium (Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}) and eggs (Figure [4](#F4){ref-type="fig"}). Additionally, atypical cellular morphology was sporadically observed in the salivary glands of infected individuals (Figure [5](#F5){ref-type="fig"}); however, the consistency of salivary acini often caused them to be detached from the slides during the washes required for immunocytochemical staining, making it impossible for us to obtain consistent data across all experimental groups for this particular tissue. Therefore, only the pathological changes observed in the midgut and eggs will be further reported and discussed.

![**Midgut epithelium necrosis**. **(A)** Section of the posterior midgut of a specimen of the HVP strain, 2 days after ingesting a blood meal containing 5-log PFU of WEEV per 0.1 ml blood. Notice how the epithelium has become necrotic, being reduced to a very thin band, with neither discernible cell boundaries nor traces of cytoplasm or organelles. **(B)** Comparable section of posterior midgut in an uninfected control, where no necrosis is observed. BM, blood meal (in the midgut lumen); ME, midgut epithelium; NE, non-infected egg.](fpubh-02-00184-g002){#F2}

![**Cell rounding and sloughing (CRS)**. **(A)** Anterior midgut section of a specimen of the KNWR strain, 14 days after ingesting a blood meal containing 3-log PFU of WEEV per 0.1 ml blood. Notice how several epithelial cells have sloughed-off into the lumen, and some rounded cells protrude from the tissue. **(B)** Comparable section of anterior midgut in an uninfected control, where no CRS is observed. FB, Fat body; L, midgut lumen; M, skeletal muscle; ME, midgut epithelium; R, rounded epithelial cell; S, sloughed epithelial cell.](fpubh-02-00184-g003){#F3}

![**Egg infection and pathology**. **(A)** Longitudinal section of the abdomen of specimen of the COAV strain, 21 days after ingesting a blood meal containing 5-log PFU of WEEV per 0.1 ml blood. Rusty-brown staining is indicative of a positive immunocytochemical reaction, denoting the presence of WEEV antigen in the tissue. Notice the smooth yolk texture observed in infected egg, in contrast with the uniformly granular texture of yolk observed in the neighboring uninfected eggs. **(B)** Comparable section of the abdomen of a specimen of the COAV strain, showing only normal, uninfected eggs. IE, infected egg; UE, uninfected egg.](fpubh-02-00184-g004){#F4}

![**Pathology in salivary glands**. **(A)** Salivary gland of a specimen of the HVP strain, 7 days after ingesting a blood meal containing 5-log PFU of WEEV per 0.1 ml blood. Notice the extensive cytoplasmic vacuolation of acinar cells, and the absence of staining indicative of viral antigen. **(B)** Comparable section of a normal salivary gland from an uninfected control. DL, distal lobe; FB, fat body; LD, lateral-distal lobe; LP, lateral-proximal lobe; SD, salivary duct; T, trachea; V, vacuole.](fpubh-02-00184-g005){#F5}

Midgut pathology {#S3-4}
----------------

Three types of pathological changes were found in infected midguts: vacuolation, necrosis, and cell rounding and sloughing (CRS, Table [1](#T1){ref-type="table"} and Figure [6](#F6){ref-type="fig"}).

###### 

**Overall frequencies of the different types of pathology found in the midgut of four different strains of *C. tarsalis* infected with WEEV**.

                      HVP   WR   COAV   KNWR                                     
  ------------------- ----- ---- ------ ------ ---- ---- ---- ---- ---- --- ---- ----
  CRS (%)             0     14   14     29     17   20   10   31   18   0   15   17
  Vacuolization (%)   0     23   31     0      6    0    0    6    21   0   6    9
  Necrosis (%)        0     0    9      0      0    0    0    11   15   0   0    0

*COAV, Coachella Valley; CRS, cell rounding and sloughing; HVP, high viremia producer; KNWR, Kern National Wildlife Refuge; WR, WEEV resistant*.

![**Frequency of pathological changes in the midgut of *C*. tarsalis**. Cell rounding and sloughing was the only pathology found in uninfected individuals. Signs of necrosis were only found in HVP and COAV strains, consistently at 48 h after infection. COAV, Coachella Valley; CRS, cell rounding and sloughing; HVP, high viremia producer; KNWR, Kern National Wildlife Refuge; WR, WEEV resistant.](fpubh-02-00184-g006){#F6}

Vacuolation {#S3-5}
-----------

Arbovirus replication has been associated with the intense proliferation of intracellular vacuoles 0.3--2 μm in diameter, which are thought to be major sites of viral nucleic acid replication and virion assembly ([@B24]--[@B26]). In our study, specimens were recorded as presenting vacuolation when abundant vacuoles of the appropriate size were observed in the cytoplasm of midgut cells (Figure [1](#F1){ref-type="fig"}). This type of pathology was observed in all strains in the 3-log group, and in all but the WR in the 5-log group (Figure [6](#F6){ref-type="fig"}). In agreement with previous studies ([@B24]), no vacuolation was observed in uninfected controls.

Although vacuolation was observed as early as one DPI (COAV, 5-log group; Figure [6](#F6){ref-type="fig"}), there was no particular trend in the frequency of specimens showing vacuolation over time. Furthermore, no significant differences (*P* \> 0.05) were found between dose groups in the overall frequency of individuals presenting vacuolation in any strain. There were, however, significant differences between strains (*X^2^* = 21.23; df = 3; *P* \< 0.001), with the HVP presenting vacuolation at significantly higher frequencies than both the WR (*X*^2^ = 16.19; df = 1; *P* \< 0.001) and the KNWR (*X*^2^ = 9.63; df = 1; *P* = 0.002).

Necrosis {#S3-6}
--------

In close agreement with reports by Weaver et al. ([@B6]), midgut tissue necrosis was evident as a gross degeneration of cellular integrity, to the point where midgut tissue was reduced to a thin layer consisting almost exclusively of basal lamina and traces of plasma membrane (Figure [2](#F2){ref-type="fig"}).

In experimentally infected specimens, necrosis was found only in the HVP (5-log group) and COAV (both dose groups) strains, consistently at two DPI (Figure [6](#F6){ref-type="fig"}). In these strains, no significant differences (*P* \> 0.05) in the frequency of specimens showing necrosis were found between dose groups. Additionally, the overall frequency of specimens showing necrosis was not significantly different between the HVP and COAV strains (*P* \> 0.05).

No signs of necrosis were observed in uninfected controls of any strain.

Cell rounding and sloughing {#S3-7}
---------------------------

An individual was recorded as presenting CRS when midgut epithelial cells were observed to be either completely detached from the midgut epithelium or clearly protruding into the midgut lumen ([@B6], [@B27]) (Figure [3](#F3){ref-type="fig"}).

Among infected mosquitoes, CRS was observed in all strains and dose groups (Figure [6](#F6){ref-type="fig"}). Statistical analysis failed to reveal significant differences (*P* \> 0.05) in the overall frequency of CRS both between dose groups within each strain, or between strains. Interestingly, CRS was also observed in uninfected controls of the WR and COAV strains (Figure [6](#F6){ref-type="fig"}). No significant differences (*P* \> 0.05) were found between the WR and COAV strains relative to the frequency of individuals presenting CRS in infected or uninfected control groups. CRS was not seen in uninfected controls in the HVP and KNWR strains.

Egg pathology {#S3-8}
-------------

Eggs were interpreted as displaying pathology when all of the following characteristics were seen together: (a) positive immunocytochemical staining, indicative of the presence of viral antigen, (b) an unusually 'smooth' yolk texture in contrast with the granular texture of the yolk in normal eggs, and (c) distortion of the chorion (Figure [4](#F4){ref-type="fig"}).

Among infected mosquitoes, the HVP strain showed signs of egg pathology in both the 3- and 5-log groups. The COAV and KNWR strains showed signs of egg pathology only in the 5-log group. No evidence of egg pathology was observed in the WR strain, or in uninfected controls of any strain (Figure [7](#F7){ref-type="fig"} and Table [2](#T2){ref-type="table"}).

![**Frequency of virus-induced pathology in eggs of *C. tarsalis***. No significant differences (*P* \> 0.05) in the number of individuals presenting pathological eggs were found either between dose groups or between strains. COAV, Coachella Valley; HVP, high viremia producer; KNWR, Kern National Wildlife Refuge; WR, WEEV resistant.](fpubh-02-00184-g007){#F7}

###### 

**Overall frequencies of individuals presenting egg pathology associated with WEEV infection**.

                  HVP   WR   COAV   KNWR               
  --------------- ----- ---- ------ ------ --- --- --- ---
  Frequency (%)   3     3    0      0      0   6   0   6

*COAV, Coachella Valley; HVP, high viremia producer; KNWR, Kern National Wildlife Refuge; WR, WEEV resistant*.

From a total of six females presenting egg pathology among all infected mosquitoes, five (83%) had been incubated for \>14 DPI and one specimen (17%) had been incubated for two DPI (Figure [7](#F7){ref-type="fig"}). Statistical analysis revealed no significant differences (*P* \> 0.05) between dose groups or strains in the frequency of infected individuals showing egg pathology.

Discussion {#S4}
==========

Pathological changes were observed in the midgut, salivary glands, and eggs of WEEV-infected mosquitoes. These changes, which included CRS, vacuolation, necrosis, and egg yolk smoothing, were consistent with other reports of pathological effects of arboviruses in mosquito vectors ([@B4], [@B6]--[@B9], [@B28]) and contribute to a growing body of evidence that challenges the traditional belief that the impact of arboviral infection on mosquito cells is negligible ([@B1]--[@B3]).

The fact that CRS was observed in uninfected controls as well as infected mosquitoes is consistent with the notion proposed by Okuda et al. ([@B27]) that mosquitoes can regularly replace midgut epithelial cells following a blood meal, thus eliminating cells damaged by the toxic by-products of blood digestion. Others have suggested that viral infection triggers a high frequency of apoptosis and CRS in midgut cells, probably as a mechanism that modulates the viral load in this important tissue ([@B6], [@B10], [@B29]). Interestingly, uninfected controls of the WR strain presented the second highest frequency of CRS in our study (Table [1](#T1){ref-type="table"}). Such high intrinsic turn-over rate of midgut epithelial cells may enable the WR strain to eliminate and replace infected cells before they become significant foci of viral multiplication. This mechanism could, at least in part, account for the WR strain's refractoriness to WEEV infection.

Alternatively, CRS observed in specimens that did not receive an infective blood meal could be due to infection of our experimental strains with mosquito-specific viruses, which have been reportedly found in wild populations of *C. tarsalis* from various geographic locations ([@B30]).

Vacuolization and necrosis were observed only among individuals that received an infectious blood meal, suggesting that these types of pathological changes are closely associated with viral infection. Vacuolation has been reported as a result of arthropod-borne virus replication in infected cells ([@B24], [@B25]), which is consistent with our observation that the highest vacuolation rates were found in the HVP strain, and the lowest in the WR strain (Table [1](#T1){ref-type="table"} and Figure [6](#F6){ref-type="fig"}). Furthermore, the significantly lower vacuolation rates observed in the KNWR strain compared to the HVP strain (Table [1](#T1){ref-type="table"}) suggest a lower intensity of viral replication in the former strain, and are therefore consistent with reports that found the KNWR strain to be relatively refractory to WEEV infection ([@B13], [@B14]). It is interesting to note that vacuolation and necrosis were in some instances observed in tissues showing no evidence of WEEV antigen presence, as indicated by the absence of immuno-staining (Figure [5](#F5){ref-type="fig"}). This suggests that either tissues, which had been initially infected eventually managed to clear the virus (but the pathological effect persisted), or that these tissues are infected at levels below the detection threshold of the immuno-staining methods used. Alternatively, as was the case with CRS, we cannot rule out the possibility that these pathological changes are related to the unintentional infection of our experimental strains with mosquito-specific viruses ([@B30]).

Earlier studies by Kramer et al. ([@B31]) indicated that resistance to WEEV infection in *C. tarsalis* mosquitoes of the WR strain was intimately linked to a mesenteronal barrier, because direct injection of virus into the hemocoel resulted in infection rates and viral titers comparable to those observed in highly susceptible strains. Furthermore, it has been proposed that ultrastructural alterations of the midgut, such as those caused by the ingestion of a blood meal, can be associated with increased susceptibility to viral infection ([@B15], [@B32]). Therefore, it is plausible that a disruption of the mesenteronal barrier caused by an infectious blood meal (for example, the midgut tissue necrosis observed in our study) would increase the odds of virus dissemination into the hemocoel, and subsequent infection of the salivary glands. Consistent with this idea, the HVP and COAV strains (which do display midgut necrosis following an infectious blood meal) have been observed to reach higher dissemination and salivary gland infection rates than the WR and the KNWR strains ([@B14]). In close agreement with observations by Weaver et al. ([@B6]), evidence of midgut necrosis disappeared by 72 h post-infectious blood meal, suggesting that this tissue has the ability to quickly recover from widespread virus-induced pathological changes.

Infected eggs displaying pathological changes were observed in three of the four strains used in this study (HVP, COAV, and KNWR) suggesting that WEEV infection in *C. tarsalis* eggs is not uncommon, even in unselected geographic strains of relatively recent colonization such as the COAV and KNWR. Interestingly, five out of six (83%) females presenting egg pathology had been incubated for at least 14 DPI, forcing them to retain eggs in their bodies for much longer than they would under natural conditions (\<5 days post-blood meal). Although we cannot rule out the possibility that the egg pathology observed in these females is a response to the aforementioned forced retention of eggs, the positive immuno-staining observed in all eggs recorded as "displaying signs of pathology" indicates that they were indeed infected with WEEV. Therefore, it seems plausible that the pathological changes observed in these eggs are related to WEEV infection.

Additionally, it is worth mentioning that the only strain presenting egg infection in the low dosage (3-log) group was the HVP strain, which is characterized by developing unusually high WEEV titers ([@B16]). In contrast, the only strain that showed no egg infection was WR, which is characterized by its ability to maintain low WEEV titers ([@B16]). These observations suggest that a viral titer threshold must be reached in the infected mosquito before egg infection -- and associated pathology -- can occur.

Evidence of *C. tarsalis* egg infection with WEEV has been reported ([@B33]); however, subsequent field and laboratory studies have failed to produce evidence of transovarial transmission of WEEV in *C. tarsalis* ([@B18], [@B34]). Furthermore, although vertical transmission of WEEV in field-collected *Aedes dorsalis* has been reported once in the past ([@B35]), extensive efforts have failed to replicate this phenomenon in the laboratory ([@B18], [@B36]). Taken together, these data suggest that vertical transmission of WEEV in mosquitoes is a rather rare event.

In our study, all eggs found to be positive for WEEV antigen presented clear signs of pathological changes in their yolk and chorion, which probably rendered these eggs non-viable. Therefore, our data support the notion that *C. tarsalis* does not normally transmit WEEV transovarially ([@B18], [@B34]). Nevertheless, these infected eggs were surrounded by apparently healthy, viable eggs (Figure [4](#F4){ref-type="fig"}), suggesting that they could be oviposited as part of otherwise normal egg rafts. This sporadic occurrence of non-viable, virus-laden eggs may explain why Thomas ([@B33]) was able to isolate virus from *C. tarsalis* egg rafts deposited by orally infected females, but could not conclusively demonstrate transovarial transmission of WEEV. Interestingly, a similar phenomenon has been observed in *C. tarsalis* infected with West Nile virus (WNV); although egg infection is frequent, trans-generational transmission occurs only rarely (W.K. Reisen, personal communication).

Romoser et al. ([@B28]), referring to the infection of *A. mcintoshi* eggs with Rift Valley fever virus, hypothesized that the oviposition of virus-laden eggs might have important epidemiological consequences, as it represents a mechanism by which viral particles could be deposited directly in the aquatic environment inhabited by mosquito larvae, which could eventually ingest these virions. The ingestion of infective viral particles during larval stages has been reported to result in transstadially transmitted infections, producing adult mosquitoes that are able to transmit virus to new hosts when they blood feed ([@B37]). Our observations of WEEV infection in *C. tarsalis* eggs are consistent with the hypothesis proposed by Romoser and his collaborators, and suggest that this process could take place in at least some mosquito/virus systems, therefore potentially playing a role in the environmental persistence of vector-borne viruses.

As noted in the results, difficulties in salivary gland tissue preparation and immuno-staining precluded a systematic assessment of salivary gland pathology at this time. However, several cases of atypical cellular morphology (vacuolation) were observed in the salivary glands of infected individuals (Figure [5](#F5){ref-type="fig"}). Salivary gland pathology associated with arbovirus infection has been found in other studies ([@B7]--[@B9], [@B28], [@B38]). Girard et al. ([@B8], [@B9]) have suggested that WNV-induced damage to either salivary glands or ganglia controlling salivation in *Culex pipiens and Culex quinquefasciatus* might result in reduced volumes of saliva being expectorated, which would in turn cause a reduction in feeding efficiency and the viral load injected into new hosts. Furthermore, it has been reported that long-term arboviral infections result in progressive declines in transmission rates and/or the volume of virus expectorated by infected mosquitoes ([@B9], [@B13], [@B19]). Although the instances of salivary gland pathology we observed in this study are consistent with the idea of the progressive decline of transmission rates due to damage to salivary cells, more research is needed to establish the exact role of salivary gland pathology in vector competence.
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